Abstract. Menopause is associated with increased oxidative stress, which serves a role, in part, in the pathogenesis of postmenopausal bone loss. Fruits and vegetables are rich in antioxidative nutrients and phytochemicals. Berries are a natural source of anthocyanins, and their intake may improve bone health. The aim of the present study was to determine the effect of an anthocyanin-rich bilberry extract (VME) on bone metabolism in an ovariectomized (Ovx) rat. Female Sprague-Dawley rats (12 weeks old) were randomly divided into the following four groups: Baseline, Sham, Ovx and Ovx+VME (n=8-12 rats per group). Rats in the Baseline group were sacrificed immediately, while those in the other groups were subjected to either sham operation (Sham) or bilateral Ovx (Ovx and Ovx+VME). Rats in the Ovx+VME group were administered VME daily at a dose of 500 mg/kg body weight. At 8 weeks after surgery, bone mass and bone histomorphometry were evaluated. The femur bone mineral density (BMD) in the Ovx group was significantly lower than that in the Sham group (P<0.01). Supplementation of VME in the Ovx rats did not result in an increase in BMD. Histomorphometric analyses revealed that Ovx resulted in decreased measures of bone volume and trabecular number and increased measures of osteoid volume, mineralizing surface and bone formation rates (all P<0.01), whereas VME had no significant effects on these parameters. The present findings indicate that VME did not alter bone metabolism in Ovx rats, suggesting that consumption of VME may not be helpful in preventing postmenopausal bone loss.
Introduction
Menopause is a major health concern for women, as it increases susceptibility to various chronic diseases, including cardiovascular diseases (CVDs), osteoporosis, arthritis, Alzheimer's disease, obesity, age-related eye diseases and cancer (1, 2) . Menopause is associated with an increase in oxidative stress, resulting from an imbalance between reactive oxygen species (ROS) and the antioxidant system (3) (4) (5) . Previous studies have demonstrated that oxidative stress is implicated in the pathogenesis of various chronic diseases (6) (7) (8) (9) . Osteoporosis is a skeletal disorder characterized by compromised bone strength, predisposing patients to increased risk of fracture (10) . Although osteoporosis is a multifactorial disorder, estrogen deficiency following menopause serves a critical role in the development of osteoporosis in women (11) . There are multiple mechanisms underlying the rapid resorption of bone and loss of bone density due to estrogen deficiency, including direct effects on osteoblastic and osteoclastic cell lineages and the interaction of systemic hormones, local cytokines [including tumor necrosis factor (TNF)-α, interleukin (IL)-1, and IL-6], growth factors, and transcription factors (11, 12) . Additionally, increased ROS may also decrease bone mineral density (BMD) by inducing TNF-α expression (13) .
Hormone replacement therapy (HRT) is established to prevent bone loss following menopause (14, 15) . Previous results have indeed demonstrated that HRT reduces the risk of fractures, even among women with low fracture risk (16) . However, findings from Women's Health Initiative trials in 2002 indicated that the risks associated with HRT outweighed the benefits (17, 18) . Consequently, various groups have recommended limiting the use of HRT in postmenopausal women at risk of facture and women younger than 60 years or within 10 years of menopause (19) . Alternatives to estrogen for the treatment of postmenopausal osteoporosis as recommended by the U.S. Food and Drug Administration (FDA) include bisphosphonates, raloxifene, calcitonin and denosumab; however, these drugs have been reported to exert drug-specific adverse effects (20) . In turn, lifestyle modifications have been undertaken, such as changes in exercise and diet. A number of epidemiological studies have identified that higher fruit and vegetable intake was associated with higher BMD (21-25) and a lower fracture risk (26) in postmenopausal women. While the mechanisms underlying these bone-protective effects are yet to be fully elucidated, antioxidative nutrients and phytochemicals, including vitamin C, carotenoids and polyphenols, which are contained in fruits and vegetables, may improve bone health by scavenging ROS (27) .
Anthocyanins are a class of natural polyphenol compounds responsible for the colors of flowers and fruits (28) . The positive health effects of foods rich in anthocyanins include CVD prevention and anticancer, anti-inflammatory, antioxidative, anti-obesity, anti-diabetic and neuroprotective activities (29, 30) . Additionally, Welch et al (31) suggested an anti-osteoporotic effect of anthocyanins in a cohort study of twins, in which the differences between the highest and lowest fifths of anthocyanin intake were associated with a 3.4% higher BMD at the spine and a 3.1% higher BMD at the hip. Berries contain abundant anthocyanins and have been recognized as valuable sources of natural medicines and dietary supplements (29, 32) . Various studies have demonstrated that berry intake may increase antioxidant status and reduce inflammatory biomarker levels in vivo (29) . Based on these findings, our group hypothesized that berry consumption may be helpful in alleviating bone resorption and bone density loss following menopause. However, a limited number of studies have investigated the impact of berry intake on bone metabolism in animals and humans (29, 32) . Additionally, berries are a natural source of not only anthocyanins but also vitamin C, a potent antioxidant that may also have a positive effect on bone (33, 34) , making it difficult to determine whether the antioxidant effects of berries are due to anthocyanins, vitamin C or both. Therefore, in the present study, the effects of an anthocyanin-rich bilberry (Vaccinium myrtillus) extract (VME) on bone metabolism were investigated in ovariectomized (Ovx) rats. Bilberry, a member of the Ericaceous family, is a low-growing shrub native to Europe and North America and is related to, while distinct from, varieties of the North American blueberry (V. corymbosum) (35) . The anthocyanin-rich VME has been utilized in the treatment of various eye conditions, including cataracts and glaucoma, as well as for enhancing night vision, due to its proposed anti-inflammatory and antioxidant effects (35, 36) . The Ovx rat model is the current FDA-approved model for the investigation of menopausal bone changes (37) . Ovx has also been demonstrated to induce oxidative stress and impair antioxidant systems in rat bone (38) .
Materials and methods
Anthocyanin-rich VME. The anthocyanin-rich VME (containing ~39% anthocyanins) used in the current study was provided in powder form by Wakasa Seikatsu Co., Ltd. (Kyoto, Japan). VME contains a total of 15 anthocyanins in all possible combinations of 5 anthocyanidins (cyanidin, delphinidin, peonidin, petunidin and malvidin) containing 3 types of sugar moieties (3-O-arabinosides, 3-O-glucosides and 3-O-galactosides) (35) . The powder was stored at -20˚C until use and dissolved in distilled water (DW) to a concentration of 50 mg/ml (5%) prior to administration.
Animals and diets.
The experimental protocol was approved by the Animal Ethical Committee at Aichi Medical University (Nagakute, Japan; approval no.: 2013-61). A total of 44 female Sprague-Dawley rats, at 10 weeks of age, were purchased from Charles River Laboratories Japan, Inc. (Hino, Shiga, Japan). Upon arrival, they were housed in a temperature (23±1˚C)-and humidity (55±5%)-controlled room under a 12-h light/dark cycle and provided standard rodent chow (MF; Oriental Yeast Co., Ltd., Tokyo, Japan) and water via an automatic watering system ad libitum. After a 2-week acclimation period, the rats were randomly divided into four groups: Baseline (n=8), Sham (n=12), Ovx (n=12) and Ovx+VME (n=12). Rats in the Baseline group were anesthetized by intraperitoneal injection of medetomidine hydrochloride (Nippon Zenyaku Kogyo Co., Ltd., Koriyama, Japan; 0.15 mg/kg body weight), midazolam (Astellas Pharma, Inc., Tokyo, Japan; 2 mg/kg body weight) and butorphanol tartrate (Meiji Seika Pharma Co., Ltd., Tokyo, Japan; 2.5 mg/kg body weight), and were immediately sacrificed by cardiac puncture. The inclusion of the Baseline group provided initial values of skeletal measures, thereby allowing for the determination of changes in skeletal tissue resulting from surgery and aging (39) . Rats in the remaining three groups were anesthetized and subjected either to sham (Sham) or Ovx (Ovx and Ovx+VME) surgeries. At 2 days after surgery, rats in the Ovx+VME group were administered VME by gavage at a dose of 500 mg/kg body weight (equivalent to 10 ml/kg body weight of 5% VME) daily for 8 weeks. The dose of VME was determined based on previous studies in rodents (40, 41) . Rats in the other two groups were given DW by gavage at a dose of 10 ml/kg body weight daily for 8 weeks. A total of 3 rats in the Sham group (6.8% of the total) were lost as a consequence of accidental fatality at 6 days post-surgery. At 8 weeks after surgery, the rats in all three groups were sacrificed. The rats were administered intraperitoneal injections of the fluorochrome markers tetracycline-HCl (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany; 20 mg/kg body weight) and calcein (Sigma-Aldrich; Merck KGaA; 10 mg/kg body weight) at 5 and 2 days before necropsy, respectively, for the evaluation of bone dynamics by histomorphometry. At necropsy, the uterus was resected and weighed to determine whether the Ovx surgery had been successful. The right femurs from all rats were wrapped in saline-soaked gauze and stored at -20˚C for subsequent densitometry. The right tibiae were cleaned of soft tissue and fixed in 70% ethanol for bone histomorphometry.
Bone densitometry. The right femurs were thawed at room temperature. Bone mineral content (BMC) and BMD were determined by dual-energy X-ray absorptiometry (DXA; QDR-Discovery A; Hologic, Inc., Marlborough, MA, USA) using the QDR-Discovery A high-resolution scanning software (version 13.3; Hologic, Inc.) designed for the measurement of small animal bones. Additionally, BMD and BMC in the proximal, mid-diaphyseal and distal parts of the femur were determined by dividing the femur into three equal parts according to length. The coefficients of variation for repeated scans on the same bone were <1.0%. Prior to measurements, a tissue calibration scan was performed with the Hologic small animal phantom.
Peripheral quantitative computed tomography (pQCT).
Following DXA measurements, pQCT was performed using an XCT Research SA+ (Stratec Biomedical AG, Birkenfeld, Germany). The right femurs were placed in a polypropylene tube filled with saline and were scanned at a 0.46-mm collimation and 0.12-mm voxel size. The scan line was adjusted using the scout view, and transverse sections were recorded at the distal femoral metaphysis [to determine total cross-sectional area (CSA), mm Bone histomorphometry. The right tibiae were trimmed of soft tissue and fixed at 4˚C with 70% ethanol for 14 days. The proximal one-thirds of the tibiae were stained with Villanueva bone stain (Maruto Instrument Co., Ltd., Tokyo, Japan) at room temperature for 7 days, then embedded undecalcified in methyl methacrylate (Wako Pure Chemical Industries, Ltd., Osaka, Japan) following dehydration in a graded series of ethanol (70, 95, 95 and 100%). Frontal sections (5 µm) were cut using a microtome (RM2255; Leica Microsystems GmbH, Wetzlar, Germany) and mounted on slides. Specimens were examined under a fluorescence microscope (Nikon Corporation, Tokyo, Japan). Structural and dynamic histomorphometric indices were measured in the cancellous bone at 0.435-1.7625 mm distal to the epiphyseal growth plate, which consists of secondary spongiosa, using a semi-automatic image analysis system (Histometry RT Camera; System Supply, Co., Ltd., Nagano, Japan) at a magnification of x250. The primary indices included tissue volume (TV), bone volume (BV), bone surface (BS), osteoid volume (OV), osteoid surface (OS), trabecular thickness (Tb. Th), osteoblast surface (Ob.S), osteoclast surface (Oc.S), eroded surface (ES), single-and double-labeled surfaces (sLS and dLS, respectively) and interlabel width. Calculated from these parameters were the percentages of BV (BV/TV), OV (OV/BV), OS (OS/BS), Ob.S (Ob.S/BS), Oc.S (Oc.S/BS), ES (ES/BS), sLS and dLS (sLS/BS and dLS/BS, respectively). Trabecular number (Tb.N) and mineralizing surface (MS)/BS were calculated as (BV/TV)/Tb.Th and (sLS/2 + dLS)/BS, respectively. Mineral apposition rate (MAR) was calculated from the distance between the labels divided by the time between labels, and was corrected for section obliquity. Bone formation rate (BFR/BS) was calculated by multiplying the MS/BS by the MAR, The histomorphometric nomenclature used in the present study was in accordance with a report of the American Society for Bone and Mineral Research Histomorphometry Nomenclature Committee (42) .
Statistical analyses. All data are expressed as the mean ± standard error of the mean (SEM), and all data management and statistical analyses were performed using JMP 9.0.2 (SAS Institute, Inc., Cary, NC, USA). The specific effects of Ovx and VME were examined by comparing values of the Sham, Ovx and Ovx+VME groups with one-way analysis of variance or analysis of covariance using body weight as the covariate (43, 44) , followed by Tukey's honest significant difference test. Differences were considered significant when P<0.05.
Results
Effects of VME on the uterus and body weight of Ovx rats. The uterus weight of rats in the Ovx group was significantly lower than that of rats in the Baseline and Sham groups (P<0.01; data not shown), confirming that the Ovx was successful. There was no significant difference in uterine weight between the Ovx and Ovx+VME groups, suggesting that VME may lack an estrogenic property. From 2 weeks post-surgery, the body weights of rats in the Ovx group were significantly increased compared with those in the Sham group (P<0.01). Although there was a slight delay in the increase in body weight of the Ovx+VME group, there was no significant difference in body weight between the Ovx and Ovx+VME groups by the end of the experiment (Fig. 1) .
DXA of the right femur. The BMD of the right femur of rats in the Ovx group was significantly lower than that in the Sham group (P<0.01). Supplementation of VME in the Ovx rats did not result in an increase in the right femur BMD. When the femur was divided into three equal segments in length, there were significant decreases in the BMD of the Ovx group compared with the Sham group (P<0.01) at the proximal and distal thirds of the femur (sites high in cancellous bone), though not at the middle third (a site high in cortical bone). By contrast, right femur BMC values did not differ significantly between the Sham and Ovx groups. The Ovx rats supplemented with VME (Ovx+VME group) exhibited no significant changes in BMC or BMD compared with the rats in the Ovx group, regardless of the femur site (proximal, diaphyseal or distal; Table I ).
pQCT of the right femur metaphysis and diaphysis. The trabecular and cortical parameters of the right femur determined by pQCT are listed in Table II . There was a significant increase in the Tb.CSA of the distal metaphysis in the Ovx group compared with the Sham group (P<0.01), resulting in a significantly lower Tb.BMD in the Ovx group compared with that in the Sham group (P<0.01). There were no significant differences in Ct.CSA or Ct.BMD between the Sham and Ovx groups at the diaphysis. The administration of VME had no significant effect on any of the parameters evaluated by pQCT.
Bone histomorphometry. The histomorphometric measurements of the cancellous bone indices in the proximal tibiae are summarized in Table III . Rats in the Ovx group exhibited significantly lower structural indices (BV/TV, Tb.Th and Tb.N; P<0.01, P<0.05 and P<0.01, respectively) and higher bone formation indices (OV/BV, OS/BS, dLS/BS, MS/BS and BFR/BS; all P<0.01) compared with those in the Sham group due to estrogen deficiency. These differences were not significantly affected by VME administration. Ovx vs. Ovx+VME, analysis of covariance with Tukey's honest significant difference test). Ovx, bilateral ovariectomy; VME, anthocyanin-rich bilberry extract; T, total; Tb, trabecular; Ct, cortical; BMC, bone mineral content; BMD, bone mineral density; CSA, cross-sectional area; Th, thickness; Peri.C, periosteal circumference; Endo.C, endosteal circumference.
Discussion
Estrogen deficiency is associated with an imbalance in bone metabolism, involving a net increase in bone resorption over formation, leading to excessive and sustained bone loss (11) . The increase in bone resorption is the result of increased osteoclastogenesis and decreased osteoclast apoptosis (11, 12) . ROS may promote osteoclast resorption directly, by stimulating signaling associated with osteoclast differentiation and receptor activator of nuclear factor (NF)-κB (RANK), or indirectly, by stimulating osteoblast/osteoclast coupling and subsequent osteoclast differentiation through RANK ligand (RANKL) (32) . A number of studies have demonstrated that berry extracts may reduce oxidative stress (45) (46) (47) . Karlsen et al (48) demonstrated that anthocyanins isolated from bilberries and black currants efficiently suppressed LPS-induced activation of NF-κB in cultured monocytes. Tanabe et al (49) reported that cranberry extract inhibited RANKL-dependent differentiation of human pre-osteoclasts and bone resorption activity of osteoclasts. Furthermore, a recent study by Moriwaki et al (50) demonstrated that anthocyanin compounds extracted from bilberry and black currant inhibited osteoclast formation from osteoclast precursor RAW264.7 cells. Collectively these findings indicate anthocyanin extracted from berry fruits may alleviate bone resorption and bone density loss following menopause in women. In the present study, an anthocyanin-rich bilberry extract was administered to Ovx rats (Ovx+VME group) for 8 weeks, and BMD was measured using DXA and pQCT. In the VME-treated rats, there were no significant changes in BMD or BMC, even in trabecular or cortical BMD at the metaphyseal and diaphyseal sites, compared with those in rats in the Ovx group. These results were supported by the bone histomorphometry results (BV/TV, Tb.Th and Tb.N). Although these parameters remained stable when the rate of bone resorption was equal to that of bone formation, bone histomorphometry also revealed that the anthocyanin-rich bilberry extract did not affect bone formation (OV/BV, OS/BS, dLS/BS, MS/BS and BFR/BS) or resorption (Oc.S/BS and ES/BS). These results suggested that the anthocyanin-rich bilberry extract may not mitigate the bone losses observed in postmenopausal women.
There have been a limited number of studies that have investigated the effects of consuming berry fruits or their extracts on bone metabolism in Ovx-induced bone loss animal models. Devareddy et al (51) demonstrated that Ovx rats (6 months old) fed a diet supplemented with blueberry powder (5% w/w) for 4 months had a higher overall BMD of the whole body but not at the tibia, femur or fourth lumbar vertebra compared with rats in an Ovx group. Additionally, they identified that the supplement treatment down-regulated Ovx-induced elevation of alkaline phosphatase, collagen and tartrate-resistant acid phosphatase (TRAP) gene expression, suggesting that the bone-protective effect of blueberries may be due to the suppression of bone turnover (51) . More recently, Zheng et al (52) identified that Ovx mice (14 weeks old) given a diet containing 1% anthocyanin-rich blackcurrant extract for 12 weeks had significantly greater femur BMD compared with Ovx control mice. Notably, they demonstrated that the extract reduced the number of TRAP-positive osteoclast-like cells and bone resorption activity, and concluded that the extract may alleviate bone loss by suppressing osteoclastogenesis and osteoclast function.
The reasons underlying the inconsistent results between the present study and previous studies are unknown. A previous randomized prospective study designed to examine whether the consumption of freeze-dried blackberries or blueberries (45 g daily) could prevent smoking-induced bone loss in postmenopausal women demonstrated that the loss of total body BMD was significant in women who consumed blueberries but not blackberries for 9 months, despite the higher content of anthocyanins in blueberries compared with blackberries (652.2 vs. 284.1 mg per 45 g freeze-dried berry) (53) . Notably, 87% (247.1 mg) of the anthocyanins in the freeze-dried blackberries was cyanidin-3-glucoside, which was a greater percentage than the 1% (6.6 mg) in the freeze-dried blueberries. These findings suggested that the profile or ingredients, and not the total amount of anthocyanins, may be responsible for the discrepancies between previous studies (53) , although the active ingredients in the anthocyanins that may prevent bone loss are yet to be identified. Kaume et al (54) fed 5% and 10% (w/w) blackberry diets rich in cyanidin-3-glucoside for 100 days to Ovx rats (9 months old) and demonstrated that the 5% (but not 10%) blackberry diet prevented a loss of BMD at the tibia, femur and fourth lumbar vertebra. However, they failed to identify any significant changes in bone formation and resorption markers following diet supplementation, and thus were unable to conclude whether the results were due to the suppression of bone resorption or acceleration of bone formation. Moriwaki et al (50) demonstrated that delphinidin, one of the aglycone nuclei of anthocyanins, prevented bone loss in Ovx mice (7 weeks old). They also observed a significant decrease in osteoclast number in delphinidin-treated, soluble RANKL-induced osteoporotic mice, and assumed that delphinidin may prevent bone loss by suppressing bone resorption. Although cyanidin and delphinidin are major anthocyanidins retained in bilberry (55), the current study identified no substantial effects on bone mass, bone formation or bone resorption parameters on examination by bone histomorphometry. Further studies are required to determine which active ingredients have bone-protective effects in berry-extracted anthocyanins.
Differences in the experimental conditions may have also resulted in discrepancies with previous studies. Zhang et al (56) fed a diet supplemented with 10% freeze-dried blueberry powder to pre-pubertal rats between postnatal day 20 (PND20) and PND34, after which the diets were either continued (long-term feeding) or switched to a control casein diet (short-term feeding). Rats were then Ovx on PND60 and sacrificed 1 or 3 weeks thereafter, and bone parameters were investigated. The results indicated that the short-or long-term blueberry diet prevented Ovx-induced bone loss at the tibia; bone histomorphometry revealed that the rats fed either short-or long-term blueberry diet had a higher BV/TV, osteoblast number and BFR/BS compared with those in rats in control groups. They also observed that the bone-protective effect of the blueberry diet was exerted through the suppression of osteoblastic cell senescence associated with acute loss of myosin expression following Ovx. The results from their study were in contrast with those from previous in vitro and in vivo studies (29, 32) . These other studies suggested that the effects of berry fruits or their extract on bone metabolism were more likely to be exerted through the suppression of bone resorption. Although previous in vivo studies (51, 52) used mature Ovx rats, the rats used in the study by Zhang et al (56) were young Ovx rats in pre-pubertal growth stage. The ages of rats and the time after Ovx are important factors that may influence bone response following Ovx (39) . In the present study, 3-month-old Ovx rat models were used to induce bone loss. Although 3-month-old rats are regarded as mature, their bone growth slows but has not stopped (39) . Therefore, a favorable effect of VME on bone, if any, may have been overwhelmed by the age of the rats and/or substantial changes associated with Ovx.
In conclusion, supplementation of Ovx rats with an anthocyanin-rich bilberry extract did not prevent Ovx-induced bone loss, at least under the experimental conditions of the present study. As there has been discrepancies between results from previous studies on the effects of berry fruits or their extracts on bone metabolism, further investigations are warranted to determine whether the consumption of berry fruits or anthocyanins extracted from berry fruits may be beneficial in mitigating bone loss in postmenopausal women.
